Abstract-A motion control method of lifting a heavy object up to a higher position with humanoid robots is developed. The key issue of lifting motion is how to reduce the load on humanoid arms in which low-power actuators are implemented. The use of singular postures of arms is well-known to avoid actuator saturation of the arms. By combining two different kinds of humanoid motions such as accelerating an object upward and sliding the body into under the object, we propose a method that enables to transit one singular posture of arms to another while lifting the object. Simulation results show the effectiveness of the proposed method for reducing the load on the arms. We realize a motion of lifting a heavy object dynamically with the humanoid robot HRP-2 through experiment.
I. INTRODUCTION
ANIPULATION of objects by fixed-base robots is a research field that is widely explored. For instance, high speed manipulation by industrial robots, parallel manipulators with high power output actuators used to move heavy objects are some examples of technologies that have been developed. There are other works dealing with object manipulation such as control of a rolling object placed on arms [1] or a rolling ball placed on butterfly shaped arms [2] . As these robots have a fixed base, it is therefore very simple to compare the motions with the reality.
On the other hand, there are some works on manipulation by non-fixed base robots such as humanoid robots, for instance, collaborative manipulation with humans [3] or pushing manipulation [4] . In these works, light objects or objects for which weight is not needed to support are considered. In object manipulation by a humanoid robot, several methods have been proposed to control the posture of the robot so that it can lift an object statically by keeping the GCoM (grand projection of the center of gravity) of the whole system (robot+object) inside the support polygon [5] , [6] . However, these methods do not consider a dynamic lifting of an object grasped by hands to a high position. The RI-MAN robot [7] designed for nursery is able to hold a dummy doll. Built on wheels to ensure a better stability, it hardly however lifts objects using its whole body dynamics.
In some other works dealing with lifting manipulation with human beings, rational torque patterns of a skilled weightlifter [8] and the relationship between speed and lifting postures [9] are analyzed. However, these data are not still applied to the lifting manipulation with a robot maybe because its structure such as mechanism or output performance is different from human's one. Another work considers the weightlifting of the Puma robot [10] taking into account the dynamic model. The weightlifting motions are obtained through an optimization process considering B-splines parameterized motions. Joint position, velocity and torque limits are considered. However, they did not consider a good enough actuator model and a joint dry friction. Additionally, they had no issue of stability for their fixed-based robot.
In our earlier works, we focused on a preliminary motion of a robot before manipulation, and proposed to use it for dynamic lifting by impulsive forces [11] . We performed experiments on a real humanoid robot, and we confirmed the feasibility of lifting a box placed initially on the floor at the height of the waist of the robot, showing the effectiveness of the method. However, there is a possibility that the actuators get saturated when the robot lifts a heavy object because their characteristics are not considered.
Our goal in this paper is to realize a dynamic motion of lifting an object above the head of the humanoid robot in consideration of materials handling operation of the robot as shown in Fig. 1 . We thus address how to move the object from initial sate to final one passing through the unstable area in which the robot cannot hold the object statically due to saturation of the actuators. To solve the problem, we propose a motion planner based on an optimization method with making better use of actuator's characteristics. We confirm the availability of the proposed method through simulations and experiments. 
II. STRATEGY FOR DYNAMIC LIFTING A HEAVY OBJECT

A. Configuration of low power output joints
When the robot carries a heavier object, generally higher joint-torques is needed. Even in the case that an object is light and large, higher joint-torques may be needed because the object is carried far away from the base of the robot in the horizontal direction. Those may cause a saturation of joint-output. Therefore, the static reachable space of robot's hand with an object is restricted by its weight or size. Moreover in the case of unfixed robot, the static reachable space of the hands is restricted by the projection of the center of mass (CoM) of the whole system, robot and object, as well as weight or size of object.
In order to keep away from the torque limits, a singular configuration is effective for low powered parts of the robot to withstand the load of the object. In the case of human beings, for example, we often take a way to receive the load of object mechanically by making the arm closer to a singular configuration instead of applying force to an object actively. A specification of actuator of the robot, HRP-2 robot made by Kawada Industries, is shown in Table I [12] . The output limits of the wrist and the elbow are quite smaller than that of other parts of the robot, which is similar to human beings. We can consider two singular postures of arm in the vertical plane, namely stretched arm as shown in Fig. 2 (A) and (C). Those postures allow the robot to keep holding an object statically. When the posture is closer to singular, we can expect that the robot can carry a heavy object.
One of the important key issues of this work is to develop the method of transit dynamically from one static stable state to the other passing through static unstable state such as a configuration (B) in Fig. 2 .
In this paper, we investigate how to reduce the load on the hands by using a whole body motion of the robot to lift an object from initial configuration (A) to final configuration (C) so that a heavy object can be held at a high position. We challenge the control of lifting a heavier object dynamically at once in the case that it is impossible to do it statically.
B. Method to change the posture of the arm
To go from singular posture (A) to another singular posture (C), we would like to review two methods. For each method, we point out the different problems.
<Transition I> As shown in Fig. 3a , when a singular configuration is reached, we ask the robot to stand up or tilt backward which is easily done thanks to the high power output in the leg parts and in the waist. By using the inertia of the object which will thus gives an acceleration, we reduce the drive power needed to support the load of the object, as shown in Fig. 3b , we stretch the arm and so we go to the other singular configuration (Fig. 3d) .
(Problem) If the mass of the object is big and considering the torque limits of other parts than those of the arm, it can lift the object until the position marked in Fig. 3c , meaning that it cannot stretch the arm anymore, thus it becomes impossible to keep holding the object.
. State transition of arm by using inertia of object.
(Transition II) We ask the robot to go from the statically stable position of Fig. 4a to the one of Fig. 4b , which means to crouch quickly under the object and to reach a position where it can keep holding the heavy object (Fig. 4c) .
(Problem) As the robot will crouch under the object then stretch its arm, it is necessary to control very quickly the postures of the robot to be faster than the fall of the object that will be caused by this change of posture. 
C. Method to lift the object
If we combine the two previously presented approaches Transitions I and II, we think that the problems will compensate each other. In other words, if we design a lifting motion with method I, we give to the robot enough time and space to crouch under the object with method II and so we do not have to define many changes of posture. Moreover, if we allow the robot to reach a stable position for which it can keep holding the object with method II, when it will stand up with method I, it will not need to lift the object to a high position to stretch its arm. As shown in Fig. 5 , the combination of methods I and II, which will be named method III, is expected to reduce the load on the arms with the object moving upward and allow the robot to stretch its arms by crouching under the object.
In this paper, we will design a control law that lets the robot to stand up from a position defined in Fig. 5a , then switch where and τjmax are the maximum angular velocity and the maximum torque of the joint j, respectively. Their values are shown in Table I . Characteristics of the DC motor itself are expressed by the inequalities which are given by substituting the following equations into (1) and (2). (Fig. 5e) , so that the configuration becomes nearly singular.
initial state final state
T , ng is the reduction gear ratio, and subscript "M" describes the motor.
It should be noted that the DC motor deteriorates its performance or burns out in the worst case if it keeps running over the rated output and the allowable time. In this paper, Δt mot denotes the allowable time. On the other hand, the motor can keep running for a long time if its output is within the rated output. Moreover, note that the allowable load of the force sensor mounted in the wrist restricts the maximum output of the wrist joint. We will give these values in Section IV. 
III. DESIGN OF TRAJECTORY
A. Model
In this paper, we assume that the system is symmetric during manipulation. Hence from a 30-dof humanoid robot model, we simplify it to a 7-dof model with 8 links. As shown in Fig. 6 , we set the coordinate system so that x-axis is on the floor and z-axis passes through the ankle joint. Ji represents the joint i, ϕobj represents the angle between the horizontal line and the hand, and Fh represents the external force at the grasping point. The robot's mass and the object's mass are noted as mrob, mobj respectively, the inertia moment around the center of mass of the object is noted Iobj and their values are known. Furthermore, g denotes the gravity acceleration. The center of mass of the object is located at the middle point of the two grasping points. 
B. Characteristics of the joint output
The actuator's output is generally limited by the torques and the angular velocity. In the case of the DC motor that is widely used for robots, its possible output is derived from the limits of the input voltage and the limits of the electric current of the armature [13] . Therefore, the relationship between the angular velocity j θ & and the torque τj of the joint j can be written as follows:
C. Reachable space of hands
In the initial and final posture of the lifting motion, the robot needs to hold the object statically. We here introduce the static stable reachable space, SsRS [11] . It is defined as the set of positions of the robot's hand when the following constraints are all satisfied. 1) Torque of each joint is within the rated torque, and torque of the wrist is within the allowable load of the force sensor.
2) The GCoM of the whole system, the robot and the object, is included in the support polygon. 3) There is no geometrical interference between the robot and the object. 4) Each joint angle is within each joint limit.
As for constraint 1), the following equation is used for calculation of the joint torque vector τ in case that the robot can statically support the external force F.
where θ is the vector of all joint angles, G(θ ) is the torque vector of gravity, and J T F is the torque vector generated by the external force F that applies to the hands. J T is the transpose of the Jacobian matrix. Notice that the torque vector τ obtained by (3) needs to satisfy not with (2) but with the rated torque limitation in order to hold the object statically for a long time.
Giving the angle vector θ, we can get the torque vector τ and the geometrical information of the robot. If all constraints mentioned above are satisfied, the hand's position calculated by θ is a point of the SsRS. Repeating that procedure, we finally get the set of points of hand, namely the SsRS. We can select the initial/final position of the hand from SsRS.
D. Desired trajectory
The dynamic lifting motion can be obtained by an approximated optimal control method. The optimal control problem is discretized by regarding joint angles trajectories as B-splines and time-discretizing constraints. The resulting problem is solved with the optimization program IPOPT [14] , which is an interior point method. We have already shown the availability of the motion planner based on IPOPT by applying it to the kicking motion of the humanoid robot [15] . We here apply it to the dynamic motion with passing through the area where the robot is statically unstable.
We precisely present the robot dynamic model, the motion parameterization, how the lifting motion is defined, the robot constraints, and the criteria for optimization. <Dynamic model> We consider the whole dynamic model of the HRP-2, with inertial parameters obtained from CAD model. The inverse dynamic model is used to compute the torques needed to realize a parameterized joint angle motion. The joint dry and viscous frictions are considered to compute the torques. They were experimentally identified as shown in Table II . The object lifted is modeled by additional mass and inertia in each hand. In addition to [15] , we here consider a model with closed loop (both feet are on the ground for the lifting). For the case of closed loop with both feet on the ground, the lost of 6 degrees-of-freedom for one leg is compensated for the possibility to choose the 6 components of force on one foot. Therefore the 6 forces components of the right foot are also specified as B-splines.
<Motion definition> By placing the soles backward and forward, the support polygon gets wider in the x-direction. Indeed the stability in the x-direction may get better in this case, but the robot cannot grasp an object at the low position close to its own legs because of the geometric interference. Therefore, we assume that the robot lifts an object with placing its soles neatly side by side as shown in Fig. 6 that is the same as one lifting style of the weightlifting sport, "the snatch". We take a severer condition of stability to address the challenging issue.
The software presented in [15] for the optimization of motions for HRP-2 has been developed for full-body motions. Here the motion is restricted to the sagittal plane. Joints not participating in the lifting motion are constrained to be zero.
<Constraints> The constraints implemented in the motion optimization must be satisfied with the constraints 3) and 4) described in Section III-C and the following:
1) The constraints of joint output defined by (1) and (2) must be satisfied, and output of the wrist is within the allowable load of the force sensor.
2) The ZMP of the whole system should be inside the support polygon.
3) The time from the initial state to the final state should be less than the time Δt mot . 4) Reaction force on each foot is positive. Each foot does not slide.
<Optimization of the motion> Generally, the output limitation of the DC motors mounted in the robot is reduced by the Joule power loss [16] . In order to make more effective use of the output limitation of the motor, the Joule power loss is needed to be minimized. Indeed we can chose criteria such as the operation time or the angular momentum for optimization freely, but we here focus on the electrical energy consumption E rob for deriving a higher performance from the humanoid robot. The criteria are given by the following equation: 
E p t g p t g p t = ≤
We solve it with the optimization program IPOPT which iteratively decreases the criteria and improves the satisfaction of the constraints. To improve speed and convergence, we additionally computed the gradients of criteria and constraints with respect to p and t f .
We do not discuss how the output limitation of the motor varies with the minimization of the Joule power loss through the optimization in this paper. The detailed analysis of that matter is future works.
IV. SIMULATION
A. Reachable area of the hands B. Dynamic lifting motion
To prove the validity of our proposal, we make simulation tests on the dynamic simulator that has been especially designed for the humanoid robot HRP-2 [17] . When lifting an object from bottom to top, its posture changes upside down as shown in Fig. 2 . First we consider the two postures of the object, ϕ obj  = 90deg and ϕ obj = -90deg which are corresponding to initial posture and final posture for lifting. These postures can avoid saturation of the torque limit of wrist which is the lowest because of the force sensor. The allowable torque of the force sensor is 5Nm around y-axis. The allowable force in the direction of the hand is 200N and the allowable force in the direction perpendicular to the hand is 100N. Considering geometrical constraints and output constraints described in III-C, we calculate the SsRS. First, we select the initial state and the final state of the robot by using the SsRS in Fig. 7 . As described in Section III-C, all joint angles are given and all joint torques are calculated in computing the SsRS. In other words, the posture of the robot corresponding to the hand configuration is given. Then, evaluating the singularity of the arm and the uniform torque distribution in each posture of the robot, we can select the initial and final posture as follows:
< Initial > Fig. 7 shows the SsRS in the case that (m obj , d obj ) = (8.4kg, 0.3m), and (33.4kg, 0.1m). The posture of the object in the upper two areas is -90deg, and that in the lower two areas is 90deg. The light blue are and the green area are the SsRS when m obj = 8.4kg. The other areas are the SsRS when m obj = 33.4kg. The rated torque of joints is less than 20% of maximum one described in TABLE I. The computation time to get the area is less than 11 minutes on a PC Intel Core2 Duo 1.88GHz. Checking the singularity of the end parts of the arm when the hand position is included in the blue are and the light blue area, it is found that a heavier object requires a higher singularity. Hence a singular posture is more necessary to hold a heavier object. These values provide the initial and final postures of the robot by using inverse kinematics. The mass of the object mobj is 8.36kg. The object length in the xz-axis direction is 0.15m×0.30m and has two handles so that the robot can grasp it easily. As shown in Fig. 7 , the upper area and the lower one are separated due to the limitation of joint angles and torques.
When the object's posture ϕ obj  is 180deg, it is found that the SsRS does not exist. Therefore the robot cannot hold the object with keeping its posture horizontally. Since the object's posture cannot avoid being 180deg from bottom to top, the object cannot reach the top by static lifting motion. Consequently the dynamic motion with rotating the object is needed to transit between the two SsRSs.
Through the optimizing method presented in the previous section, we obtain the trajectory of all joints. In order to improve the convergence of the solution sufficiently, we set the intermediate point which is corresponding to Fig. 5c . The computation time to get the optimal solution is less than 8 minutes on the PC. The duration of the lifting motion is 1.68s while the allowable time Δt mot of the DC motors mounted in the humanoid robot is 3s. The constraint 3) described in Section III-D is satisfied.
The blue curves in Fig. 8 show the output of all joints during the whole lifting motion. However, as we supposed our model was symmetric, we show here the output of the one side of leg and arm. Each curve represents the relationship between torques and angular velocities, and the numbers in brackets are the number of the joint. The black polygons are the maximum output limits. These boundary lines are given by Table I , (1) and (2) . We can see on this Fig. 8 that the outputs of all joints are within the limits, meaning that it never reaches saturation when lifting the object. We can also remark that the output of the low-powered joints, especially the wrist and the elbow, are controlled to be smaller than that of the other joints. Next we show in Fig. 9 the force and the moment that appear at the hand. The red curves represent the force in the direction of x-axis and z-axis, and the moment, respectively. The first vertical broken line on the left of the figure is the start time of the lifting motion, and the second vertical broken line is the end time of the lifting motion. As we can see, the force just after start is increasing. This means that the object is pulled in the negative direction of x-z axis. We suppose that a counter-reaction is used for lifting the heavy object. After around 3.6s, the force in the z-direction drastically increases. This means the load for the hand is reduced by the acceleration of the object upward. As shown in Fig. 9 , both force and moment at the hand are within the allowable load of the force sensor. The red curve in Fig. 10 shows the change of the ZMP with time. The upper broken line is the position of the toe, the lower broken line is the position of the heel, and the vertical lines are the same as in Fig. 9 . Since the ZMP remains within the space delimited by positions of the toe and the heel, then the robot does not tumble. In the figure, ZMP sharply changes at around the end time. We suppose that an impulsive force is applied to the robot when stopping the object. But this oscillation is reduced in a short time by the stabilizer [18] mounted on the robot.
All these results show that our proposed method of lifting heavy objects is effective. Some screenshots of the simulation of lifting the object by the humanoid robot HRP-2 are shown in Fig. 11 . From 1) to 2) in Fig. 11 , the robot tilts backward to accelerate the object upward. When the object gets enough upward speed, the robot slides its own body into under the object. We see that the robot stands up without falling, and changes its posture through a static unstable state and achieves holding the object in a stable way. At the end, the robot stretches its arms to be closer to a singular posture. 
C. Static lifting motion
The black curves in Fig. 9 show the force and the moment that is applied to the hand. Indeed there is noise on the curves in Fig. 9 due to the force sensor, but they are quite similar to the simulation results, the red curves in Fig. 9 .
For comparison, we simulated the static motion where all joints are controlled to follow the same reference trajectory of the dynamic motion. This motion is 5 times longer than the dynamic motion. In Fig 8, the red curves and the green polygons represent the output of joints and the rated output limitation, respectively. As mentioned in Section III-B, the maximum output limitation is available within only a few seconds (Δt mot = 3s). Since it takes more than 10s to finish this static motion, output of joints should be not within the maximum output limitation but within the rated output limitation. But actually output of all joints is saturated as shown in Fig. 8 . Hence the static lifting motion cannot be realized in this case.
If the motion generated by reducing the allowance of the ZMP is ideal for stability, it should be realized without the stabilizer. To evaluate the proposed motion generator, we do not use the stabilizer in the experiment. As shown in Fig. 13 , the ZMP curve changes within the stable area which is delimited by two horizontal broken lines which are the same as Fig. 10 . After lifting the object, the ZMP curve slightly oscillates, but it decreases in a short time because of the damping effect of the soles. It shows the practicability of the proposed method from the viewpoint of stability. Fig . 12 shows the sequential motion of lifting a heavy object by the HRP-2. Each motion is quite similar to the motion shown in Fig. 11 . Fig.13 . ZMP of the whole system (experimental results).
We challenged a lift of an object of mass 23.4kg. The motion was obtained by the same way as described in this paper. The successful motion can be seen in the video included in the digital proceedings.
VI. CONCLUSION
In this paper, we realized the motion of lifting a heavy object dynamically with the humanoid robot.
We firstly examined the static stable reachable area, and show how to select an initial state and a final state of the robot with considering the transition from one singular posture of the arm to another to reduce the load on the arms that have low power outputs. We thus addressed how to move the object from the initial sate to the final one passing through the unstable area in which the robot cannot hold the object statically due to saturation of the actuators. Then, we developed the motion generator based on the optimization method for the dynamic lifting motion. We finally realized the dynamic motion of lifting the heavy object with combining two different kinds of humanoid's motions such as accelerating an object upward and sliding the body into under the object. We verified the effectiveness of the proposed method through simulation and experiments. 
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